INTRODUCTION
The components of natural radiation that give external doses are cosmic rays, gamma rays from the ground and/or buildings, and radiation from radon and thoron short-lived decay products in the atmosphere. Among these, it is generally known that cosmic rays and gamma rays usually show a nearly constant value in each location. It is commonly known that a rapidly rising irregular change in the environmental radiation dose rate is strongly related to precipitation, and it has already been analyzed by some researchers. [2] [3] The periodically-changing aspect has been found by several researchers4-6) but the phenomenon has not been analyzed in detail.
In order to investigate the periodically-changing factor, the authors measured simultaneously the environmental radiation dose rate, the concentration of radon decay products, the radon exhalation rate and the weather elements. The goal of this investigation was to clarify the mutual relation among these factors using the observed and analyzed data. In particular, the main aim of this study was to explain the correlation between the environmental radiation dose rate and the concentration of radon decay products, and the result was described in this paper. south of Wakasa Bay. Its geographical feature is a U-letter type basin, and this area is approximately 500-1,000m widths and several kilometers length from east to west. Near the observation place, the Minami River flows eastward from the west into Wakasa Bay. The Kaminaka site is located to the northeast of the Natasho site, which faces Wakasa Bay and is open towards the north. Figure 1 is the geographical map of the observation area.
Measurements were performed in 1987-1993; main observations were carried out in summers of 1987 and 1988 at the Natasho site and in summer of 1989 at the Kaminaka site. In this analysis, the data of the second and third summers (1988 and 1989) were mainly used. The reason for having chosen those was that a remarkable change in the environmental radiation dose rate had often been observed in those seasons.
2. Observation items and methods First, observation procedures are outlined in this section. The items of observation and the measurement instruments and techniques used in this research are shown in Table 1 . In the first summer a DBM-type NaI(Tl)-scintillation counter, the radioactive dust monitor and tools for meteorological factors were continuously operated during observation. In the second and third summers, measurements were performed as follows; A NaI(Tl)-scintillation spectrometer and a Ge-detector were used for measuring y-rays. The atomic content in the soil near the observation point was estimated from the count using built-in software, and the radiation dose rate was also evaluated simultaneously. In this analysis, the data from the NaI(Tl)-scintillation spectrometer was mainly used and the data from the Ge-detector was complementarily treated. Short-lived radon decay products at a height of lm over the ground surface was sampled by an aerosol sampler with a HEPA filter, and a-rays from the filter were measured by a ZnS(Ag)-scintillation counter. The radon-222 exhalation rate was measured by the emanated radon-storing method.7) In this method, radon gas emanating from the ground surface is accumulated during 10 to 20 minutes in a shallow cylindrical container placed downward on the ground. Thereafter, the gas is transferred into an ionization chamber from the container, and the ionization current from the decay of radon and its decay products is measured by a vibrating-reed-electrometer. The meteorological elements i. e. dry and wet temperatures, wind direction and wind velocity, were continuously observed on the ground surface.
In the second and the third summers, the meteorological elements from the ground surface to a chosen altitude were continuously observed every hour using a kite-balloon and a sonde. After reached within one minute to a chosen altitude, which was chosen between 100m and 300m under considering weather condition at each time, the kite-balloon was stayed 13 minutes at the altitude. As an aerosol sampler was also attached to the kite-balloon, aerosols were collected at that altitude. After the balloon was taken down on the ground, the aerosol sampler was removed and the radioactivity on the surface of the filter was immediately measured.
In this study, because the concentration of short-lived radon decay products in the atmosphere was very low, the threetimes-count method was unable to be applied to obtain the concentration of the three nuclides of short-lived radon decay products (218Po, 214Pb and 214Bi). Therefore, the obtained radioactivity was shown by an imaginary activity concentration of radon decay products (Rn-EAC). 8) Now, the Rn-EAC is a concentration defined under an assumption that the sample air is the radioactive equilibrium state between radon and its short-lived decay products. Shimo reported in the previous paper 8) that the Rn-EAC almost corresponded to the equilibrium equivalent concentration of radon (the ratio of both: 0.98-1.0) and it was 0.8 of radon concentration in the outdoor air. In addition, we did not strictly need the concentration of the three nuclides of short-lived radon decay products in the work.
The detection limit of the instrument was 0.4Bq/m3, and the relative standard deviation of 40Bq/m3 was 3.1% and that of 1Bq/m3 is almost 20%.
III OBSERVATION RESULTS AND DISCUSSION
1. Results of measurement at both sites (1) The sequential data The following section focuses on relation between the environmental radiation dose rate and the gamma ray count and also on relation between the environmental radiation dose rate and the concentration of radon decay products. Part of the sequential data is shown in Fig. 2 (a) and 2(b). Data in Fig.  2 (a) and Fig. 2 (b) was respectively obtained in the first summer at the Natasho site and in the third summer at the Kaminaka site. Figure 2 (a) shows that the environmental radiation dose rate has periodically been changing every day within 20%, and that the change of the concentration of radon decay products has sharply appeared. Moreover, the variation has fairly been corresponding to that of the environmental radiation dose rate during two weeks. Conversely, it was clear from Fig. 2(b) that the total gamma ray count and the gamma ray count from 214Bi have periodically been changing, whereas the gamma ray counts from 208Tl and 40K have showed almost constant value in the same period. This data suggests that the environmental radiation dose rate has been correlated with the atmospheric 214Bi concentration, and that has not (a)
been related with the contents of 40K in soil and 208Tl in the atmosphere and the soil.
(2) Relation among atmospheric radiation dose rate, gamma ray count and Rn-EAC Figures 3(a) and 3(b) , which is the data obtained in the second summer at the Natasho site, respectively show the correlation between the environmental radiation dose rate and the total count from environmental gamma rays, and the correlation between the environmental radiation dose rate and the count from the photoelectric peak of gamma rays of 0.609MeV (214Bi; intensity of 46.1%). Figure 3(a) indicates that variations in the environmental radiation dose rate corresponded with the variation in environmental gamma rays. Moreover, Fig. 3(b) indicates that the daily variation of the environmental radiation dose rate was closely related to the variation in the count of gamma ray from 214Bi. This 214Bi was 214Bi in the atmosphere but not that in the soil. The detailed discussion will be mentioned later. Figure 4(a) indicates the correlation between the environmental radiation dose rate due to the gamma ray and the content of 214Bi, and Fig. 4(b) shows the correlation between the environmental radiation dose rate and the Rn-EAC. Here, the environmental radiation dose rate means the sum of the terrestrial radiation dose rate due to terrestrial gamma rays and the atmospheric radiation dose rate due to radon decay products in the air. Since the atmospheric radiation dose rate has closely been correlated with the Rn-EAC, and it is clear that the change in the atmospheric radiation dose rate was dependent on the variation of 214Bi in the atmosphere. The correlation coefficient between the concentration of radon decay products and the atmospheric radiation dose rate was 0.91 at the Kaminaka site, whereas that value was 0.82 at the Natasho site as shown later (in Fig. 9(a) ). The difference between two sites' data has not depended on difference of the measurement instrument, but it has resulted in difference of the measurement time in the operation.
(3) Radon exhalation rate Effects of the radon exhalation rate obtained in both sites are concisely described below. The 222Rn exhalation rate, which is closely aaaaaaaaa aed by radon in the soil in a narrow area, was 6-19mBq/(m2s) at the Natasho site. There was no daily change in the radon exhalation rate, and therefore, no correlation between the exhalation rate and the concentration of radon decay products in the atmosphere was verified. On the other hand, the radon exhalation rate at the Kaminaka site was 2.5-9mBq/(m2s), although this data has been measured on a different day. This value was equal to 113-1/4 of the value of the Natasho site. It was suggested from consideration mentioned above that the reason of the difference among the two sites' data resulted in difference of the amount of moisture in soil. Moreover, these values were within the variation range of the value usually observed at the Natasho and Kaminaka sites. In addition, the values at these two sites were roughly same in comparison with the values in other areas.5,6,9,10).
2. Relation of short-lived radon decay products concentration (Rn-EAC) and atmospheric temperature As was described in the preceding paragraph, it is clear by comparing observation data that the atmospheric radiation dose rate was quantitatively dependent on 214Bi in the atmosphere. Henceforth, discussion was performed using the atmospheric temperature as described in the following.
The correlation between Rn-EAC and atmospheric temperature obtained at lm above the ground surface is shown in Fig. 5(a) . The atmospheric radon concentration is generally dependent on the air mass above the area,11) and the air mass moves together with progress of time because of the global movement of air. Therefore, a clear reverse correlation is not necessarily obtained between the Rn-EAC and the atmospheric temperature that have been measured over a long time. Nevertheless, in this case the Rn-EAC had a clear reverse correlation with the atmospheric temperature as shown in the graph. Since the data has been obtained in a period with no change of air mass, this suggests that a reverse correlation can be found in the identical air mass. actual feature.
(2) Analytical estimation of atmospheric radiation dose rate The effect that the concentration of radon decay products in the atmosphere has exerted on the atmospheric radiation dose rate was estimated by the technique described below. In order to simplify the calculation, the compartment model was applied for atmospheric boundary layer; the ground was assumed to be a half infinite plane, and the atmospheric boundary layer was divided by interval of 100m in the perpendicular direction. It was also assumed that the concentration of radon decay products changed according to H (H: parameter by height from the ground) under each atmospheric stability. However, the concentration in each compartment was assumed to be uniform. Moreover, the followings were assumed; the effective energy of a gamma ray emitted from short-lived radon decay products was 0.8MeV, which was (b) Radon-EAC at 1m height vs. temperature difference between 1m and 100-300m heights. (c) Ratio of Rn-EAC at 1m height to Rn-EAC at 100-300m height vs. temperature difference between at 1m and 100-300m heights.
calculated from main gamma rays of radon decay products taking into account attenuation due to air absorption; the horizontal distribution of radon decay products concentration was uniform; and there was no dispersion of the gamma ray due to the ground.
When radon decay products are uniformly distributed in the atmosphere of 0-Hm layer, the atmospheric radiation dose rate D(H) (nGy/h) from the ground surface to Hm height is evaluated using the following formula, which was derived from the results of Hultgvist 12) and Chabot et al. 13):
where C is the radon decay product concentration in the air (Bq/m3), E is the mean gamma ray energy of radon decay products (0.8MeV), ur is the linear energy attenuation coefficients of air (cm-1), Wair is the W-value of air (33.88eV), El (-ar H) is the El function, and a indicates the atmospheric stability. a and y are each constant value which depends on the gamma ray energy E; in case of E=0.8MeV, a, 7 and y are 0.983, 0.2461 and-0.0023, respectively.
The D(H)s were calculated at ten altitudes (H=100 m, 200m...and 1,000m) under the strong mixing condition (SM) on the atmospheric stability. The radon contribution of each 100m layer (H1*=0-100m, H2*=100-200m, H10*= 900-1,000m) to the atmospheric radiation dose rate D(Hl*) was calculated by the formula D (H1)-D(H-1) (i=1, 2,. .., 10; D(Ho)=0). The calculated result D(H*) is shown in Fig. 8 . The result has shown that the contribution of radon decay products in the atmosphere to the atmospheric radiation dose The symbols of SM, NT, WM and I are the same symbols as shown in Table 2 . rate was the highest on the ground surface and got smaller it company with altitude from the ground.
(3) Correlation between the Rn-EAC and the atmos pheric radiation dose rate First, the compensation coefficient k of radon concentration at 1 m height was obtained by the next formula;
where Qi is the concentration of radon decay products modified by Fig. 6; i is 1, 2. ..10; j is SM, NT, WM, or I. The symbols of SM et al. indicate the atmospheric stability i. e. the strong mixing condition, the normal turbulence condition, the week mixing condition or the inversion condition, respectively, and
The calculation was performed along atmospheric stability that was estimated from the temperatures of altitudes of lm and 100m-300m. The result is shown in Table 2 .
The compensated concentration of radon decay products Q1* was obtained from the concentration of a 1m height multiplied by the compensation coefficient. That is; Ql*=Qlk (4) The correlation between the concentration of radon decay products and the atmospheric radiation dose rate is shown in Fig. 9 . The graph in Fig. 9 (a) has been obtained from the raw concentration and that of Fig. 9 (b) has been obtained from the compensated one. The correlation coefficient in Fig. 9(b) was estimated to be 0.86. As is shown in the next paragraph, the correlation coefficient of the concentration of radon decay products that were not rectified was 0.82, and therefore it is found that the correlation was improved by compensation. The analysis shows that the concentration of radon decay products has depended on the vertical profile of atmospheric temperature and/or the atmospheric stability. Therefore, if the detailed vertical distribution of radon decay products concentration can be obtained, it is expected that the correlation between the atmospheric concentration of radon decay products and the atmospheric radiation dose rate must be closer.
(4) Dose rate conversion factor The environmental radiation dose rate due to nuclides distributed near the ground surface was estimated to be 42nGy/h, and radon decay products in the atmosphere carried 0-7.0nGy/h. Now, we define the dose conversion factor as the ratio of the atmospheric radiation dose rate to the concentration of radon decay products in the atmosphere. Therefore, a dose conversion factor of 0.26 (nGy/h)/(Bq/m3) was obtained from the Rn-EAC, which was the raw concentration. This value is shown as the coefficient of regression function in Fig. Table 2 A compensation coefficient of the radon decay products concentration in the air for the atmospheric stability. Fig. 9 Correlation between compensated concentration of radon decay products and Environmental radiation dose rate at Natasho Site, (a) raw Rn-EAC, and (b) compensated one. 9(a). As shown in Fig. 9(b) , another dose conversion factor of 0.35 (nGy/h)/(Bq/m3) was calculated by using the compensated concentration. As dessssssibed above, Natasho is located within basin features, and the south side of measurement location is open and its north side comes close to the mountain. It is therefore thought that the air volume in mountainous side is small and that the contribution of atmospheric Rn-EAC is rarely expected. Furthermore, some buildings exist around the measuring point and these disturb the arrival of radiation. The unavailable volume was estimated to be about 1/4 of the ideal contribution volume by taking effects of geographical features and buildings into account. By considering this situation, the dose conversion factor has furthermore been improved from 0.35 (nGy/h)/(Bq/m3) to 0.47 (nGy/h)/(Bglm3). 2. Results of data from the Kaminaka Site As shown in Fig. 4(b) , the correlation coefficient between the concentration of radon decay products and the environmental radiation dose rate was estimated to be 0.91 and this was a higher value than Natasho's. The environmental radiation dose rate of 30nGy/h was evaluated from the contribution of the nuclide included in the ground surface soil, and 0-5.5nGy/h was estimated as to be the contribution of radon decay products in the atmosphere. This figure also shows that the dose rate conversion factor Cpjj of 0.56 (nGy/h)/(Bq/m3) has been estimated. Here, CxwK has been defined as the ratio of the atmospheric radiation dose rate to the raw concentration of radon decay products in the atmosphere at the Kaminaka site.
3. Comparison of two conversion factors between the Natasho and Kaminaka Sites There was different in two conversion factors between the Natasho and Kaminaka sites, and the difference was almost double in case of the raw data. However, close agreement between these factors was obtained when the raw concentration is replaced with the compensation concentration on Natasho's data. This indicates that the conversion factor changes according to the location, and that the main cause results in the difference in geographical features. Now, the range in which radon in the atmosphere contributes to the atmospheric radiation dose rate is estimated to be up to a 400m radius, which corresponds to 90% of the total dose,16) As mentioned above, the effective air volume is smaller in the Natasho site than in the Kaminaka site. Therefore it happens that even if the radon concentration in the atmosphere of the Natasho site is higher than that of the Kaminaka site, total amounts of atmospheric radon that contributes to the atmospheric radiation dose are lower at the Natasho site than at the Kaminaka site. These results are summarized in Table 3 .
The dose rate conversion factor obtained in this study has roughly coincided with several values; those are 0. 18) It is not clear whether the geographical features were the same because having not been described by authors in detail, and therefore it is impossible to discuss more precisely. OGAWA et al. have also obtained 0.45 (nGy/h)/(Bq/m3) by applying a computational program for calculating the gamma-ray dose rate at the ground surface due to radon progeny in the air around the complicated topography to the Natasho site. 19 ) These values suggest that the effective atmospheric volume in which radon is involved is directly affected for the atmospheric radiation dose rate, and that the conversion factor due to atmospheric radon (or its decay products) depends on feature of the measurement location.
V. CONCLUSION
Data on environmental radioactivity and radiation, as well as meteorological factors, were obtained at the Natasho of Ooi Town and Kaminaka of Wakasa Town, in Fukui Prefecture during three summer seasons. The air concentration of radon decay products was respectively estimated to be 0. Bq/m3 at the Natasho site and to be 1-10Bq/m3 at the Kaminaka site. The data from both sites showed that the concentration of radon decay products had depended on the vertical profile of atmospheric temperature and/or the atmospheric stability. The variation of the environmental radiation dose rate had depended on the daily periodic change of radon decay products concentration in the lower atmosphere. The terrestrial radiation dose rate from the nuclide involved in the ground surface soil was respectively estimated to be 42nGy/h at the Natasho site and to be 30nGy/h at the Kaminaka site. The atmospheric radiation dose rates were respectively estimated to be 0-7.0nGy/h at the Natasho site and to be 0-5.5nGy/h at the Kaminaka site. Moreover, 0.26 (nGy/h)/(Bq/m3) and 0.56(nGy/h)/(Bq/m3) were estimated as the dose rate conversion factor of radon decay products concentration in the atmosphere at the Natasho site and at the Kaminaka site, respectively. It is recognized that this factor depends on the specific characteristics of the sites.
